Abstract. The mammalian cryptome consists of bioactive peptides generated by the proteolysis of precursor proteins. It is speculated that the cryptide repertoire increases the complexity of the proteome by an order of magnitude. Cryptides have been found to function in a wide range of processes including neuronal signaling, antigen presentation, and the inflammatory response. Due to their potential as therapeutic agents, there has been an increasing interest in studying cryptides. In this review, we discuss different approaches for discovering these hidden peptides and how proteomic tools can be utilized to aid in their identification and characterization.
A typical mammalian proteome has tens of thousands of unique proteins. It is staggering to imagine understanding the detailed function of each one. Yet a simple count of the proteins actually underestimates the true complexity of a proteome. Proteins have numerous isoforms. They are modified with a variety of transcriptional and posttranslational modifications. Each variant has a potentially important biological function (1) . An added layer of complexity is introduced by proteolytic enzymes that cleave precursor proteins to generate bioactive peptides. These peptides have been termed cryptides, and their study en mass is known as cryptomics (2) (3) (4) . It is important to note that all peptides generated from proteins are not considered cryptides; a cryptide has a biological activity distinct from its precursor. For example, upon activation of the Notch receptor protein, its cytoplasmic domain is proteolytically cleaved and migrates to the nucleus to regulate the Notch target genes. The cytosolic fragment of Notch is not considered a cryptide since it carries out the main function of the Notch protein (5, 6) . In contrast, for example, a cryptide is generated when cytochrome c oxidase subunit VIII is cleaved to create mitocryptide-1. The peptide has a distinct function as an activator of neutrophils ( Fig. 1a) (7) . Another example of a cryptide is parstatin, the N-terminal extracellular domain fragment of proteinase activated receptor 1 (PAR1), which is formed upon cleavage of PAR1 by thrombin. The N-terminal domain has an unexpected function as an inhibitor of angiogenesis and thus has the capability to antagonize the pro-angiogenesis function of its precursor PAR1 (Fig. 1b) (8) .
The first proof that a bioactive peptide can be the proteolytic product of a larger precursor was provided by the study of proopiomelanocortin, which gives rise to multiple cryptides, including ACTH, β-endorphin, lipotrophins, and melanocyte-stimulating hormones (9) (10) (11) (12) (13) . Since then a large number of cryptides and their corresponding precursors have been identified along with various proteases that are involved. Recently discovered cryptides are involved in the regulation of a diverse range of cellular processes including neuronal signaling, the inflammatory response, the adaptive immune response, and angiogenesis (Table 1) . They are derived from many well-studied proteins, including hemoglobin, cytochromes, laminins, and collagen (2) (3) (4) 18, 19) . However, the occurrence and function of cryptides cannot currently be accurately predicted. As such, cryptides are a hidden aspect of the proteome with important yet unknown biological functions. As an evidence of the biodiversity of cryptides, a glycine/leucine-rich bioactive peptide with antimicrobial activity, leptoglycin, has been discovered in the South American frog, although the precursor is still to be identified (14) .
Cryptides have been divided into three types by Dominic Autelitano and co-workers (2) . A type I cryptide is a bioactive peptide detected in vivo with a function entirely different from that of the precursor. A type II cryptide is a peptide found in vivo with activity related but not necessarily identical to that of its precursor. Finally, a type III cryptide is a bioactive peptide produced in vitro by proteolytic digestion of proteins that may or may not exist in vivo (2) . This classification scheme organizes the rapidly evolving area of bioactive peptide research. In this review, we discuss recent progress made since the concept of cryptome was first proposed in 2006. We will also discuss different approaches for the discovery of novel cryptides and how mass spectrometry-based proteomics has been and can be utilized in cryptomic research.
Thus far, cryptides have been identified and characterized individually. They are varied in their origins and functions. Type I cryptides are derived from plasma proteins, extracellular matrix proteins, cytosolic, and mitochondrial proteins, among others. For example, plasminogen, a clotting factor, is cleaved to yield angiostatin, a 38-kDa cryptide that is a potent inhibitor of angiogenesis (20) . Collagen VIII is cleaved by metalloproteases to generate endostatin, a 20-kDa cryptide with tumor repression activity. (21) . Cleavage of hemoglobin results in a variety of cryptides, including hemopressins and hemorphins. Some of these are involved in neuronal signaling (reviewed in (18, 19) ) and others have antimicrobial activity (22, 23) . Type II and type III cryptides have also been found from a range of sources and have equally complex biological functions. An example of a type II cryptide is NPNA. The rat neuropeptide FF is cleaved to form a novel neuropeptide NPNA. NPNA influences opioid receptor signaling by reducing the mRNA expression of Gprotein α subunits associated with opioid receptors (17, 24) . As an example of type III cryptides, cytochrome c can be cleaved to generate cell penetrating peptides that have potent apoptogenic activity (25) . The apoptogenicity of one of the peptides, Cyt c 77-101 , was increased by constructing a chimeric synthetic cryptide with a nonapeptide N-terminal extension derived from the C-terminal region of nucleoporin 153. The nucleoporin 153 is a component of nuclear pore complex containing FG repeat at its C terminus. The modified cryptide has apoptogenic activity at sub-micromolar levels, the range of concentration readily achievable for therapeutics. Although cryptomics is in its infancy, cryptides are already known to originate from a variety of precursors and to possess a vast range of bioactivities. It is not difficult to imagine many more cryptides being generated from unexpected candidate proteins. There is an increasing interest in developing new methodologies to identify and characterize cryptides because of their diverse roles and their potential for therapeutic use (2) . The identification of novel cryptides combined with quantitative studies to measure the concentration of individual or sets of cryptides in cells and tissues is expected to answer fundamental questions about their function and regulation.
DISCOVERY OF CRYPTIDES
Varied approaches have been employed to discover novel cryptides. One method involves using a diagnostic assay to screen peptides for a particular biological activity. For example, Daniel Pimenta and co-workers isolated low molecular weight components of dog pancreas and analyzed fractions for bradykinin potentiating activity (26) . In this way, they identified cryptides with properties similar to hemorphins and hemorphin-like cryptides, which are derived from Fig. 1 . a Mitocryptide-1 is the 23-amino acid C-terminal fragment of cytochrome c oxidase subunit VIII originally identified from porcine heart. The protease that cleaves the precursor protein has not been identified yet. Mitocryptide-1 has been found to activate neutrophils. The fate of N-terminal fragment is not known. b Parstatin is the N-terminal fragment of proteinase activated receptor 1 (PAR1). Parstatin is generated when thrombin cleaves PAR1 for its activation. The cryptide has anti-angiogenic activity PAR1 proteinase activated receptor 1 hemoglobin (26) . A number of other screening approaches, including screening proteolytic digests of purified proteins and screening synthetic random peptide pools, have been successfully applied to identify novel cryptides (3). Computational biology techniques can be used to predict possible cryptides. For example, Hidehito Mukai and coworkers used the previously identified neutrophil-activating factors mastoparan and mitocryptide-1 as the basis for identifying novel neutrophil-activating factors (4). Mitocryptide-1 is derived from cytochrome c oxidase subunit VIII. Their first step was to generate a list of 15-36 residue peptide fragments predicted to result from the action of various mitochondrial peptidases and cellular proteases on the 441 human mitochondrial proteins (4) . They compared the physicochemical properties and three-dimensional structures of the peptides to mastoparan and mitocryptide-1 to generate a list of putative neutrophil-activating peptides. Finally, they synthesized the selected peptides and assayed their ability to activate neutrophils. They identified eight novel peptides that activate neutrophils, including several peptide fragments from cytochrome c (4). To identify cryptides involved in cell adhesion, Yoshihiko Yamada and co-workers synthesized a series of predicted proteolytic fragments of laminin and assayed their biological activity (27) (28) (29) (30) . Their systematic screen yielded an extensive list of different laminin proteolytic fragments that may affect cell adhesion (27) (28) (29) (30) .
MASS SPECTROMETRY-BASED PROTEOMIC APPROACHES FOR THE DISCOVERY OF CRYPTIDES
Mass spectrometry-based approaches are powerful and comprehensive tools for analyzing the cryptome. These approaches have been extensively used to qualitatively and quantitatively characterize predicted proteomes in multitudes of organisms, tissues, and cell types. Mass spectrometry-based cryptomics can be conceptually utilized in two ways: (a) to search for cryptides in homogenized tissue and (b) to identify and determine the tissue distribution of cryptides in situ (Figs. 2 and 3 ). In the following sections, we will discuss the mass spectrometry-based technologies that can be exploited to identify novel cryptides from biological samples, borrowing mainly from the technologies utilized for peptidome profiling. These methods are expected to reveal a variety of peptides present in a sample, which can be tested subsequently for their bioactivity. Moreover, quantitative proteomic tools now allow the simultaneous quantitation of multiple cryptides with high sensitivity and accuracy in a single experiment.
The development of efficient peptide fractionation using liquid chromatography coupled to electrospray ionization has led to a tremendous capability for peptide identification and quantification. Multi-dimensional protein identification technology (MuDPIT) has been utilized in a number of largescale proteome profiling studies (32) (33) (34) , and variations have been specifically used to profile endogenous small peptides. For example, MuDPIT-based strategies have been utilized to profile the peptidome of urine and to compare the selfantigen peptidomes of plasma and lymphatic fluid (35, 36) . A number of studies have analyzed the blood peptidome, many with the goal of discovering cancer biomarkers (37) . These approaches have identified many low molecular weight components of the blood proteome, many of which are expected to be cryptides (37) .
Electrospray ionization-Fourier transform mass spectrometry (ESI-FTMS) has been used to identify proteolytic cleavage products of the plasma proteome. Yufeng Shen and co-workers first depleted the 12 most abundant plasma proteins and used size-exclusion chromatography to enrich for peptides with a molecular weight less than 20 kDa (38) . Then, using ultra-high-pressure liquid chromatography (UHPLC) ESI-FTMS on a LTQ-Orbitrap mass spectrometer, they identified more than 200 peptides from 29 precursors (38) . Using this UHPLC-ESI-FTMS strategy, they also performed a peptidomic profiling of yeast whole cell lysate and have identified about 1,100 peptides from approximately 200 precursor proteins (39) .
Similar strategies have also been used to identify novel candidate cryptides from tissue homogenates. Per Andrén and co-workers used nanoLC electrospray ionization quadrupole time-of-flight mass spectrometry to identify peptides from brain tissue (40) . Their innovative enrichment for Fig. 2 . Mass spectrometry-based cryptide discovery and quantitation work flow: Cryptomics work flow for the high throughput discovery of cryptides would start with fractionation of tissue to enrich for low molecular weight proteome. A variety of mass spectrometry approaches can be used to identify the enriched cryptides. In most cases, the identified peptides can be mapped to the precursor proteins. Putative cryptides are tested for their bioactivities using either biochemical or cell-based assays. After the validation of bioactivity, the cryptides can be quantitated using a variety of approaches. The advantage of using mass spectrometry-based proteomic tools for quantitation is that large numbers of cryptides can be accurately quantitated in a single experiment. This information can be utilized for building higher order models of the functions of the cryptides. LC liquid chromatography, MS mass spectrometry, MALDI matrix-assisted laser desorption ionization, ESI electrospray ionization, iTRAQ isobaric tag for absolute and relative quantitation, TMT tandem mass tag, ICAT isotope coded affinity tags, MuDPIT multi-dimensional protein identification technology, TOF time of flight, MRM multiple reaction monitoring possible cryptides employed a microfilter device to remove proteins larger than 10 kDa from the mixture. They analyzed the filtered sample using ESI-MS to measure the masses of the peptides. They were able to detect approximately 1,500 endogenous brain peptides. Using tandem mass spectrometry, they were able to identify the sequences of 10% of the detected peptides, including novel peptides (40) . In another study, Hanfa Zou and co-workers used ultrafiltration followed by size-exclusion chromatography to fractionate the low molecular weight proteome of liver (41) . They directly analyzed the fractions with peptides smaller than 3 kDa and digested the fractions with larger molecules with trypsin before analysis. Using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and LC-ESI-MS, they were able to identify more than 1,000 peptides from 400 precursor proteins (41) . A similar strategy has been used by William Hancock and co-workers to generate a serum peptidome profile (42) .
Peptidome profiling from tissue homogenates is a highly sensitive and fast approach for identifying and quantitating a large number of molecules. But often, one is interested in the tissue-specific distribution of peptides. Moreover, the levels of particular peptides may not be constant throughout a given tissue. The resulting dilution in a tissue homogenate makes it harder to identify them. Therefore, peptidome profiling of specific tissue regions or cells not only helps in understanding the tissue-specific distribution but also allows the identification of additional peptides that may be at elevated levels only in the small regions of the tissue. One technique that has been extensively utilized for visualizing tissue-specific distribution of peptides and proteins is MALDI-MS imaging (Fig. 3) (43) . The technology and applications of MALDI-MS imaging have been comprehensively reviewed in (31, 44) . Recently, a number of studies have used MALDI-TOF-MS to analyze single cells (45, 46) . These studies demonstrate the potential for utilizing the mass spectrometry-based approaches for the discovery of novel cryptides.
MASS SPECTROMETRY-BASED PROTEOMIC APPROACHES FOR QUANTITATION OF CRYPTIDES
Proteomic tools have grown beyond their application for discovery of novel targets and can be used to generate quantitative profiles of cryptides. A number of techniques have been developed in the past several years that can determine relative levels of peptides and proteins using mass spectrometry (47) . For quantitation, the power of mass spectrometry-based proteomics lies in its ability to detect a wide dynamic range of peptide concentrations. These proteomic approaches include label-free methods, metabolic labeling with stable isotopes, and post-lysis labeling of peptides with isotopic tags (48) . Because levels of cryptides are likely to change in response to external stimuli or signaling (2,3), quantitative proteomic tools will be important for characterizing the biological roles of cryptides.
Selected reaction monitoring/multiple reaction monitoring (SRM/MRM) is a targeted mass spectrometry approach to identify and/or quantify peptide(s) and can be utilized for quantitating cryptide(s) that is known a priori (49). This is a very powerful technique, with the highest dynamic range and sensitivity of all mass spectrometry-based proteomic tools (50) . In addition, SRM/MRM can be used for absolute quantitation of cryptides. In this method, a cryptide can be chosen based on prior mass spectrometry data or in silico proteolytic digestion of proteins. Fragmentation spectra of the target cryptide can be either generated or extracted from Fig. 3 . Overview of MALDI-MS imaging for tissue-based cryptomics. In MALDI-MS imaging, 10-20-μm-thick frozen tissue sections are cut using a microtome and transferred to a conductive surface. After matrix is deposited onto the section, MALDI ionization is carried out in the defined regions of the tissue section and spectral data acquired. The mass spectrometry data are computationally processed to generate a pseudoimage, showing abundances of individual peptides and proteins. a.u. arbitrary units, ITO iridium tin oxide (reprinted with permission from (31)) spectral libraries. An internal standard peptide (corresponding to the sequence identical to the cryptide of interest) is synthesized with a stable isotope label, and a known amount is spiked into the sample, a strategy known as stable isotope dilution (51) . Reporter fragment ion peaks, called transitions, are selected, and peak areas for the heavy and light cryptides are compared to extract quantitative information. Since the amount of the internal standard is known, MRM allows absolute quantitation of the cryptide in a sample (49, 52) . SRM/MRM is expected to have a great potential for measuring the changing abundance of cryptides in cells and tissues and also for detecting computationally predicted cryptides.
Isobaric tag for relative and absolute quantitation (iTRAQ) and tandem mass tag (TMT) are approaches that use isobaric mass tags that react with the amino group at the N terminus and the epsilon amino group of lysine residues (53, 54) . Both iTRAQ and TMT reagents have three functional groups, an amine reactive group that reacts with primary amines, a mass balancer region that allows different tags to have the same mass, and a reporter region whose mass varies between different tags. In this approach, two or more samples are allowed to react with the tag, mixed together, processed, and analyzed using tandem mass spectrometry. Identical cryptides with isobaric mass tags from different samples are expected to migrate together during chromatography, and since they are isobaric, they will be selected simultaneously for fragmentation inside the mass spectrometer. Upon fragmentation, the reporter ions will be released from the peptide in the low mass region of the spectrum. Quantitative information can be gleaned by comparing the intensities of the different reporter ions in the same spectra. The spectrum also provides sequence information for the identification of the cryptide. iTRAQ has been multiplexed up to eight channels, while TMT has been multiplexed up to six channels (55, 56) . Isobaric mass tagging methods are expected to be useful for quantifying the low molecular weight cryptides in multiple samples without a priori knowledge of the identity of the molecular species.
Stable isotope labeling by amino acids in cell culture (SILAC) yields relative quantitative information (57) . In the SILAC approach, one cell culture is grown in unlabeled medium while another is grown in medium with a stable heavy isotope, usually C 13 or N 15 , such that one of the amino acids, such as lysine or arginine, is labeled. The cells are lysed and equal amounts of protein from the two samples are mixed together. The mixed samples are processed and analyzed using liquid chromatography coupled to tandem mass spectrometry. Cryptides can be identified by their fragmentation patterns, and relative quantitative information can be generated by comparing the integrated peak areas at the precursor levels for the labeled and unlabeled cryptides. The biggest advantage of SILAC is that experimental variables in processing of the samples are normalized, as the two samples for comparison are processed together after cell lysis. SILAC has been successfully used in a number of studies involving a wide range of processes (58) (59) (60) (61) (62) (63) .
SILAC was originally developed for bottom-up proteomics. More recently, it has been used also for top-down proteomics, and, as such, it is conceptually possible to determine the changes in the levels of cryptide precursors.
Mathias Mann and co-workers initially demonstrated the applicability of SILAC-based quantitation in top-down proteomics (64) , and later, David Muddiman and co-workers used SILAC to identify 11 intact proteins from human embryonic stem cells (65) . These studies were designed only to test the possibility of identifying differentially expressed proteins with SILAC-based quantitation, but the results were promising for the future applications of this technology (64, 65) . It is possible to imagine determining changes in the levels of cryptide precursors using SILAC. Muddiman and coworkers also mathematically modeled the variability introduced by the biochemical processes of incorporation of labeled amino acids and metabolic conversion of arginines to prolines inside the cells during cell culture, information that will be very helpful for future top-down SILAC quantitation experiments (65) .
Another isotope tagging-based quantitation method relies on tagging of the amino group by either deuterated (heavy) or protiated (light) acetic anhydride (66) . Lloyd Fricker and co-workers have used this labeling approach to determine the changes in the brain peptidome under different condition and to identify differences in the levels of hemoglobin-derived peptides in blood, heart, and brain (18, 66, 67) .
CONCLUSION
There are a multitude of proteomic tools available that can be readily adapted to the study of cryptides. The strategic advantage of proteomic methods is that multiple cryptides can be assayed in a single experiment, which is not possible with any other approach. Discovery-mode cryptomic tools can be used to identify novel cryptides, and quantitativemode tools can be used to build functional models for the action of the cryptide(s) of interest (Fig. 2) . Adaptation of these tools is expected to lead to an explosion of information about the cryptome. An important challenge in utilizing mass spectrometry-based proteomics for cryptomic analysis is to establish the methodological paradigms for their routine use. We envision that the interaction between these two fields will not only benefit cryptomics but will also lead to the development of new analytical technologies that will benefit other areas of research.
